Repair of mature skeletal muscle is mediated by adult muscle progenitors. Satellite cells have long been recognized as playing a major role in muscle repair, whereas side population (SP) cells have more recently been identified as contributing to this process. The developmental source of these two progenitor populations has been considerably debated. We explicitly tested and quantified the contribution of embryonic somitic cells to these progenitor populations. Chick somitic cells were labeled by using replicationdefective retroviruses or quail͞chick chimeras, and mouse cells were labeled by crossing somite-specific, Pax3-derived Cre driver lines with a Cre-dependent reporter line. We show that the majority of, if not all, limb muscle satellite cells arise from cells expressing Pax3 specifically in the hypaxial somite and their migratory derivatives. We also find that a significant number of, but not all, limb muscle SP cells are derived from the hypaxial somite. Notably, the heterogeneity in the developmental origin of SP cells is reflected in their functional heterogeneity; somitically derived SP cells are intrinsically more myogenic than nonsomitically derived ones. Thus, we show that the somites, which supply embryonic and fetal myoblasts, are also an important source of highly myogenic adult muscle progenitors.
I
n the adult vertebrate, muscle is composed primarily of terminally differentiated, multinucleate myofibers. Muscle repair therefore depends on adult mononuclear muscle progenitors (e.g., ref. 1). In recent years, several populations of potential adult muscle progenitors have been identified.
The progenitors that appear to be responsible for most of the repair of adult myofibers are satellite cells residing within muscle (1) . Satellite cells are mononuclear cells lying between the plasmalemma and the basal lamina of adult myofibers within all skeletal muscles (2) . These cells are normally mitotically quiescent, and in response to stimuli such as injury or exercise, they are activated to reenter the cell cycle whereupon they self-renew, express myogenic markers, and fuse into myotubes (3) . In general, satellite cells have been considered to be a committed muscle progenitor population (although see refs. 4 and 5) . The transcription factor Pax7 has been identified as a good molecular marker of and functionally essential for satellite cell renewal and maintenance (6, 7) .
Recently, multipotential progenitors cells residing outside of or within adult muscle have been identified that can differentiate into myofibers. One of the progenitor populations resident within muscle is the side population (SP) of cells. SP cells were first identified in bone marrow, via staining with the vital dye Hoechst 33342 and FACS analysis, as a population that actively excludes Hoechst and is enriched in hematopoietic stem cells (8) . Subsequently, SP cells have been identified in several other tissues, including muscle (9, 10) . Muscle SP cells are multipotential progenitors that initially express no muscle markers (9, 10) . However, when injected intravenously into lethally irradiated dystrophic mice, the cells can both reconstitute the hematopoietic system and fuse into myofibers (10) . Also, when injected into injured muscle, the cells can differentiate into satellite cells and contribute to myofibers (9) . In addition, Pax7Ϫ muscle SP cells in coculture with primary myoblasts or C2C12 cells differentiate into Pax7ϩ cells and myotubes (9) (10) (11) . The presence of muscle SP cells in Pax7Ϫ͞Ϫ mice suggests that SP cells arise independently from Pax7ϩ satellite cells (7) . These experiments suggest that muscle SP cells are endogenous multipotential progenitors able to give rise to satellite cells and myofibers. Furthermore, the ability of muscle SP cells to be delivered systemically through the circulation and to repair dystrophic muscle has generated significant interest in their use for cell-based therapies for muscular dystrophy (11) .
The developmental origin of satellite cells and muscle SP cells has been the subject of considerable debate. Several lines of evidence suggest that satellite cells derive developmentally from the somites. Quail͞chick chimeras (12, 13) and retroviral labeling experiments in chick (14, 15) have firmly established that somitic cells give rise to embryonic and fetal myoblasts and differentiated myofibers. In particular, the dorsomedial dermomyotome supplies epaxial (back) muscles, and the ventrolateral dermomyotome supplies hypaxial (ventral body wall and limb) muscles. Similarly, quail͞chick experiments show that limb and epaxial satellite cells are somitic in origin (16, 17) , although it is unknown whether they are derived from the same region of the somite. In mouse, evidence for a somitic origin of adult muscle progenitors derives from analysis of mice expressing various Pax3 alleles. Pax3 is a transcription factor initially expressed in the presomitic mesoderm (psm), newly formed somites, and in older somites restricted to the dermomyotome, then concentrated in the dorsomedial and ventrolateral dermomyotome and the somitic myogenic precursors migrating into the limbs, and finally down-regulated upon myogenic differentiation (18) (19) (20) . Lineage analysis, through crossing Pax3CreKI mice with Cre-dependent reporter mice, reveals that epaxial and hypaxial skeletal muscles are derived from Pax3ϩ cells (21) . The persistent presence of Pax3͞7ϩ muscle progenitor cells in embryonic, fetal, and adult muscle has suggested that satellite cells are somitic in origin (22) . Furthermore, recent analysis of Pax3 GFP knock-in mice indicates that Pax3ϩ cells give rise to hypaxial trunk satellite cells (23) . However, whether Pax3ϩ cells give rise to limb satellite cells has not been explicitly tested. Overall, these studies strongly suggest that satellite cells are derived from Pax3ϩ somitic cells, but other sources, such as bone marrow or endothelial cells, have also been proposed (e.g., refs. 24 and 25).
To date, no studies have explicitly tested the developmental origin of muscle SP cells. The efficacy of transplanted bone marrow cells in contributing myofibers to damaged muscle (10, 26, 27) and the capacity of transplanted or cultured muscle SP cells to give rise to hematopoietic as well as myogenic cells (9, 10) have suggested that muscle SP cells are of mixed origin. One possible source is bone marrow, as suggested by the expression of CD45, a pan marker of nucleated hematopoietic stem cells, found by some in muscle SP cells (9, 28) . However, the findings of others that muscle SP cells are CD45Ϫ (10, 29) and not derived from labeled bone marrow transplants (30) argue against a bone marrow origin of muscle SP cells. Alternatively, it is reasonable to hypothesize, but not yet tested, that muscle SP cells may be derived from somites.
In the present study, we explicitly test the contribution of somitic cells to limb muscle satellite and SP cells. Using three labeling techniques in birds and mice, we quantify that nearly all, if not all, limb satellite cells are derived from Pax3-expressing cells in the hypaxial dermomyotome and their migratory derivatives. We also demonstrate that somitic cells give rise to a substantial portion, but not all, limb muscle SP cells, and these somitically derived SP cells are highly myogenic.
Results
Labeling of Somitic Cells in Chick and Mouse. To determine whether satellite and SP cells are derived from somites, we labeled somitic cells and their progeny using three different methods. In chick, somitic cells were labeled via injection of a replication-defective GFP retrovirus, RIS-GFP (replication-incompetent splice acceptor GFP). Right hindlimb-level psm was infected at stage 15 before the migration of myogenic precursors into the limb (Fig. 1A) . Because the virus cannot spread, GFP expression is limited to the somitic cells and their progeny. In infected chicks, right hindlimb muscles expressed GFP (Fig. 1B) . The efficiency of labeling ranged from 34% to 47% of myonuclei (DAPIϩ, Pax7Ϫ nuclei under the lamininϩ basal lamina of myofibers) in tissue sections (Table 1 , which is published as supporting information on the PNAS web site), with no cells labeled in control, contralateral limbs (data not shown). Because retroviruses can only infect mitotic cells (31) , the overall rate of infection is limited.
To more efficiently label chick somitic cells, we produced quail͞ chick chimeras in which right hindlimb-level psm of the chick was replaced with isochronic quail psm (Fig. 1C) . Quail cells were identified with a perinuclear antibody, QCPN, that labels the majority of most quail cell types (94% of quail myonuclei, satellite, and muscle mononuclear cells and 82% of bone marrow cells) but does not label any chick cells. Using QCPN on chimeras, we found that 41-71% of myonuclei were labeled in right-limb sections ( Fig.  1D and Table 1) , with no labeling of cells in control, contralateral limbs (data not shown). Unlabeled cells on the experimental side derive from host chick somites as well as unlabeled quail cells.
Somitic cells and their progeny were also labeled in mouse through two Pax3Cre driver lines. We used a Pax3CreKI mouse in which Cre is faithfully expressed in all regions where Pax3 is normally expressed (Fig. 1E ; ref. 21) , and when crossed with Cre-dependent Z͞EG reporter mice (in which GFP is activated in response to Cre recombinase), Pax3ϩ cells and their progeny express GFP (Fig. 1E) . Muscle development is normal in these Pax3 heterozygous mice, and all back, body wall, and limb muscles are GFPϩ ( Fig. 1F; ref. 21 ). Lineage and mutational studies (18) (19) (20) (21) suggest that all limb myofibers should initially be derived from Pax3ϩ somitic cells. However, in our experiments, labeling of limb muscles was not 100%. In sections simultaneously stained for LacZ activity (indicating cells in which GFP has not been Cre activated) and visualized for GFP (Fig. 1F) , 95% of multinucleate myotubes were GFPϩ and 11% were LacZϩ (8% were GFPϩ͞LacZϩ and 1% were GFPϪ͞LacZϪ). Because the GFP is cytoplasmic and myotubes are a multinucleate syncytium, it is likely that Ͻ95% of the myonuclei are GFPϩ. Furthermore, the presence of LacZϩ myotubes is likely due to the inefficiency of the Pax3CreKI, but it also may indicate that not all myotubes are derived from Pax3ϩ cells. In tissue sections prepared for antigen retrieval for simultaneous Pax7 labeling, only 58-67% of limb myonuclei were GFP-labeled (Table 1) , and this decreased labeling is likely due to poor preservation of GFP under these conditions. Because Pax3 is expressed in lineages other than muscle (notably neural crest cells) (32) , in these mice labeled satellite and SP cells may potentially be derived from nonsomitic (although not bone marrow) sources.
To specifically label Pax3ϩ cells only in the hypaxial somitic lineage, we used a transgenic line, MCre, in which a transgene containing a Pax3 enhancer element and the proximal promoter drives Cre expression only in the hypaxial dermomyotome and the body wall and migrating limb myogenic cells between embryonic day 9 (E9) and E14.5 (ref. 33 ; data not shown). As expected, when MCre mice were crossed with Z͞EG reporter mice, limb and body wall muscle (but not back muscle) expressed GFP (Fig. 1G) . The efficiency of labeling limb muscle cells was considerably lower (37-57% of myonuclei) and more variable in these mice (Table 1 and Fig. 1G ) compared with the Pax3CreKI;Z/EG mice perhaps because not all of the elements necessary for Pax3 expression in hypaxial somitic cells are present.
Because Pax3 has been reported to be expressed in adult muscle (6, 34), we also specifically tested whether MCre was active in adult muscle. MlacZ mice (transgenic consisting of Pax3 enhancer element, proximal promoter, and lacZ) did not express lacZ in adult muscle, and in MCre mice, Cre was not detected by RT-PCR in adult whole limb muscle or muscle mononuclear preparations (Fig.  4 , which is published as supporting information on the PNAS web site).
Somitic Cells Give Rise to Satellite Cells in both Chick and Mouse Limb
Muscle. To assess the contribution of somitic cells to satellite cells in chick and mouse limb muscles, we labeled somitic cells by the methods described above and harvested and sectioned mature hindlimb muscles. Satellite cells begin to appear in limb muscle by E16 (16, (35) (36) (37) and E18 (38) in the chicks and mice, respectively. In our study, we identified satellite cells in E16 to postnatal day 4 (P4) chicks and 4-to 7-week-old mice on the basis of their expression of Pax7 (7, 39) and their location under the lamininϩ basal lamina of myofibers (2) .
To determine the percentage of satellite cells derived from the somites in the avian experiments, we first assessed the overall efficiency of labeling somitic cells in each experiment. Because all myonuclei (DAPIϩ, Pax7Ϫ nuclei under the myofiber basal lamina) are initially derived from the somites (12, 13) , all myonuclei should be labeled if the methods of labeling somitic cells were 100% efficient. For each set of muscles, we calculated the percentage of myonuclei that were labeled (GFPϩ or QCPNϩ). In regions with efficient myonuclei labeling, we calculated (one to three sections of two different muscles) the percentage of satellite cells labeled. To calculate the percentage of satellite cells derived from the somite, we normalized the percentage of satellite cells labeled by the percentage of myonuclei labeled.
A similar calculation was done to determine the percentage of satellite cells derived from Pax3ϩ cells in the mouse experiments. As described above, not all myonuclei were labeled in either Pax3CreKI or MCre;Z/EG experiments. Therefore, because labeling was not 100% efficient, we determined the percentage of satellite cells derived from Pax3ϩ cells as the percentage of satellite cells labeled normalized by the percentage of myonuclei labeled.
In all experiments, a large number of myonuclei and satellite cells in chick and mouse limbs were labeled ( Fig. 2 and Table 1 ). In three of four chimera experiments and in one of four RIS-GFP chick experiments, the percentage of satellite cells labeled exceeded the percentage of myonuclei labeled (103-146%). In the remaining experiments, the percentage of labeled satellite cells normalized by labeled myonuclei ranged from 79% to 90% (with one RIS-GFP experiment at 39%). These experiments show that avian limb satellite cells are largely derived from the somites. In addition, in the Pax3CreKI;Z/EG mice, 57-62% of the limb satellite cells when normalized were labeled and therefore derived from Pax3ϩ cells. Furthermore, in the MCre;Z/EG mice, at least 79% of satellite cells after normalization were labeled, demonstrating that a large portion of limb satellite cells were derived from Pax3ϩ cells, specifically in the hypaxial dermomyotome and its derivatives. After pooling all 12 experiments and using a Sign test to compare satellite cells and myonuclei, we found no significant difference in the labeling of these two populations. Given that all myonuclei are initially derived from the somites, these findings suggest that all satellite cells are derived from the somites, specifically from Pax3ϩ cells in the hypaxial dermomyotome.
Somitic Cells Give Rise to SP Cells in Chick and Mouse Limb Muscle. We hypothesized that limb muscle SP cells may also be derived from somites. We labeled somitic cells using the methods described above, harvested and dissociated mature limb muscles, and determined the appropriate concentrations of Hoechst 33342 to identify SP cells (see Methods and ref. 29) . Consistent with previous studies (29), we found that SP cells constitute 0.05-2.07% of the total mononuclear cells derived from avian and mouse limb muscle and were enriched in Sca1 (Tables 2 and 3 , which are published as supporting information on the PNAS web site). To assess the contribution of somitic cells to limb muscle SP cells, we had to establish a method for determining the efficiency of somitic cell labeling. The main population (MP) cells are the cells centrally located in a FACS Hoechst͞propidium iodide profile (Fig. 5 , which is published as supporting information on the PNAS web site) and enriched in satellite cells and myoblasts (30) . Because satellite cells and myoblasts are derived from Pax3ϩ somitic cells, we wanted to use the percentage of MP-cell labeling as our measure of the efficiency of somitic labeling. However, MP cells are a mixed population containing nonsomitically derived cell types, such as fibroblasts and blood-derived cells. We estimated that 70% of the MP cells are somitic in origin (because in the Pax3CreKI;Z/EG mice with consistent high levels of labeling, 67.6-70.6% of MP cells are labeled) and used this to calculate the percentage of labeling of somitically derived MP cells. Therefore, for each experiment we determined the contribution of somitic Pax3ϩ cells to muscle SP 
In all avian and mouse experiments, we found labeled muscle SP cells (Fig. 5 and Table 2 ). In RIS-GFP chicks and chimeras, the percentage of SPs labeled normalized by the percentage of MPs was variable, ranging from 8% to 52%. The relatively low percentage of labeled SP cells (8-11%) in the E16 RIS-GFP chicks may reflect the relative quiescence of the E16 SP progenitors, and consequent lower infectivity, at the time of retroviral injection. In the Pax3CreKI and MCre;Z/EG mice, we also consistently found labeled SPs in all experiments. However, in the MCre crosses, the percentage of labeled SP cells was highly variable (from 39% to Ͼ100%), reflecting the variability in the MCre transgene expression. In the Pax3CreKI mice, we found consistent high labeling of MP cells and 41% labeling of SP cells after normalization. Overall, these experiments indicate that Pax3ϩ cells in the hypaxial somites give rise to a substantial portion of limb muscle SP cells. Nevertheless, after pooling all 19 experiments and using a Sign test to pairwise compare SP and MP cells, we found a significant difference (P Ͻ 0.001) in the labeling of these two populations. These findings indicate that although somitic cells do substantially contribute to the limb muscle SP cells, other nonsomitic cell types also are likely to give rise to some SP cells.
Marker Characterization of Somitically Derived Muscle SP Cells. To examine the relationship between somitically derived muscle SP cells and bone marrow-derived hematopoietic cells, we examined the expression of the protein tyrosine phosphatase CD45. CD45 is a pan marker of nucleated hematopoietic cells (40) and is expressed at high levels in bone marrow-derived SPs and MPs. In our samples, 49-64% of chick and 73-89% mouse bone marrow mononuclear cells are CD45ϩ. CD45 is also expressed in other tissues and interpreted as an indicator of hematopoietic origin. We found only a low percentage of chick (0-1.1%) and mouse (0-5.6%, with one small sample at 11%) muscle SP cells expressing CD45 (Table 3) . Moreover, in GFPϩ SPs and MPs, we found background levels of CD45 expression. The low percentage of CD45 in SPs suggests that most SPs are unrelated to hematopoietic cells. The lack of CD45 expression in somitically derived GFPϩ SPs also suggests that these cells did not go through a bone marrow intermediate. Further supporting this inference, we never found QCPNϩ or GFPϩ cells in bone marrow cells in any of our experiments (data not shown).
We also examined the relationship between muscle SP cells and Pax7ϩ cells. In muscle mononuclear cell preparations, Pax7 labels satellite cells and also, in less mature muscle, satellite cell precursors (20, 23) . As expected, some MP cells expressed Pax7: 6-28% in avian muscle and 3-9% in mouse muscle. In both P5-P6 chick limb muscle and 6-week-old mouse limb muscle, we found no SP cells that expressed Pax7. In E16-E17 chick muscle, we did find that 1-13% of SP cells expressed Pax7, but in any particular sample, SP levels of Pax7 were considerably lower than MP levels of Pax7.
Somitically Derived Muscle SP Cells Are Highly Myogenic in Culture.
To test the myogenic capacity of somitically derived SP cells, we cultured SP cells in vitro. Similar to others (9), we found that mouse muscle SP cells isolated from uninjured muscle are nonmyogenic when cultured alone but myogenic when cocultured with myogenic cells. Therefore, we cocultured RIS-GFP SPs with quail primary myoblasts, chimeric SPs with chick primary myoblasts, and mouse MCre;Z/EG SPs with C2C12 cells. Because of the relatively small number of labeled SPs, we cultured labeled and unlabeled SPs in these experiments. Cells were initially cultured in growth medium, upon confluency, switched to differentiation medium, and then assayed for the presence of mononuclear Pax7ϩ cells and ␣-actininϩ or dystrophinϩ multinucleate myofibers.
In all experiments, labeled, somitically derived SP cells differentiated into myogenic cells when cocultured (Fig. 3 and Table 4 , which is published as supporting information on the PNAS web site). In avian coculture experiments, 81-97% of the GFPϩ SPs from RIS-GFP muscle and 94-99% of QCPNϩ SPs from chimeric muscle differentiated into myogenic cells (Table 4) , either mononuclear Pax7ϩ cells (Fig. 3 A-C and M) or ␣-actininϩ or dystrophinϩ myofibers (Fig. 3 D-F and N) . In cocultures of SPs derived from MCre;Z/EG mouse muscle, we isolated small initial numbers of GFPϩ SPs, and so at the end of the coculture experiments, we found few adherent GFPϩ cells. Of the five coculture experiments in which we found GFPϩ cells, all contained cells that were myogenic, either as Pax7ϩ mononuclear cells (Fig. 3 Q-S) or as fused myofibers (Fig. 3T) . The presence in chick and mouse cultures of QCPNϩ or GFPϩ Pax7ϩ mononuclear cells indicates that somitically derived muscle SP cells did not become myogenic simply by fusion with cocultured primary myoblasts.
In the course of determining appropriate avian culture conditions, we discovered that unlike mouse, avian muscle SP cells are able to differentiate into myogenic cells when cultured alone in growth and then differentiation medium. The greater myogenic capacity of the avian SPs may be due to their younger age or to intrinsic differences between mouse and avian SP cells. In these culture-alone experiments (which include labeled and unlabeled SP cells), 73-99% of the GFPϩ SPs from RIS-GFP muscle and 79-87% of QCPNϩ SPs from chimeric muscle differentiated into myogenic cells (Table 4) either as Pax7ϩ mononuclear cells (Fig. 3  G-I and O) or multinucleate ␣-actininϩ myofibers (Fig. 3 J-L and P). Because we found a small percentage of E16-E17 avian Pax7ϩ muscle SPs, we tested whether myogenic cells in the culture-alone experiments may simply result from an expansion of small numbers of initially Pax7ϩ SPs. During a 2-week time period of culturing RIS-GFP SP cells, we found that myogenic cells were not derived from clonal expansion of initially Pax7ϩ SPs. Daily monitoring of the cultures revealed that Pax7ϩ cells only appeared after 2 days in growth medium (data not shown). Thus, these experiments demonstrate that even when cultured alone, somitically derived avian SP cells are highly myogenic.
Our FACS analysis of limb muscle SP cells indicates that although a substantial portion of SP cells are derived from the somites, not all are. Potentially, differences in the developmental origin of muscle SPs could affect their subsequent myogenic capacity. Therefore, in RIS-GFP and chimera culture-alone experiments, we explicitly compared the myogenic capacity of labeled, somitically derived versus unlabeled muscle SP cells. It should be noted that in these experiments, not all somitically derived SPs are either GFPϩ or QCPNϩ because of the labeling inefficiencies of retroviral labeling and quail͞chick psm transplantations. Therefore, unlabeled SP cells also include some somite-derived, yet unlabeled cells and could potentially mask differences in the myogenic capacity of somitically derived versus nonsomitically derived SPs. Nevertheless, pairwise comparisons of the myogenic capacity of GFPϩ versus GFPϪ SPs in four culture-alone experiments and QCPNϩ versus QCPNϪ SPs in one culture-alone experiment revealed significant differences in myogenic capacity of labeled versus unlabeled SPs (Table 4 ). The myogenic capacity of GFPϩ SPs ranged from 73% to 99% whereas that of GFPϪ SPs ranged from 60% to 86%, and the myogenic capacity of QCPNϩ SPs was 87% whereas that of QCPNϪ SPs was 33%. In all five pairwise comparisons, a 2 test of homogeneity confirmed that labeled SPs were significantly more myogenic than unlabeled SPs (P Ͻ 0.001 in all cases). These findings demonstrate that the developmental origin of SP cells has a significant impact on their subsequent myogenicity.
Discussion
Understanding the developmental origin of adult muscle progenitors is critical for establishing when, where, and how adult progenitors are determined and maintained for the repair of adult muscle and may provide important insights into their potential therapeutic value for cell-based therapy of muscle diseases. We have conducted a lineage analysis, using three different types of labeling techniques in chick and mouse, to determine whether somitic cells give rise to two classes of adult limb muscle progenitors, satellite and muscle SP cells.
In avian somite labeling experiments, we demonstrate that nearly all limb satellite cells are derived from the somites. Our data confirm and extend the classic quail͞chick studies of Armand et al. (16) , which first identified somites as a source of satellite cells. Using specific antibodies, we have improved the efficiency of identifying both quail and satellite cells and find that nearly all limb satellite cells are of somitic origin. Gros et al. (17) have also found, through quail͞chick grafts, that nearly all epaxial satellite cells are derived from the somite. Thus, somites are the major source of satellite cells in all body muscles.
We further characterized the genetic origin of limb satellite cells with two Pax3Cre mouse lines. Pax3 is expressed in the somitic hypaxial dermomyotome and somitic cells migrating into the limb and is required for formation of limb muscles (18) (19) (20) . Recent analysis (23) of a Pax3GFP knock-in mouse in which GFP perdures after endogenous Pax3 expression has revealed that Pax3ϩ cells give rise to cells lying in the satellite position within hypaxial trunk myofibers. Now, using Pax3CreKI and MCre mice, we explicitly demonstrate and quantify that all, or almost all, limb satellite cells arise from Pax3ϩ cells in the hypaxial, ventrolateral dermomyotome and their migratory derivatives in the limb, unlike epaxial satellite cells, which arise from the central region of the dermomyotome (17, 23) .
In our lineage experiments, we also found that substantial numbers of limb muscle SP cells were labeled, explicitly demonstrating that a significant portion of muscle SP cells are derived from Pax3ϩ hypaxial somitic cells. Consistent with their non-bone marrow origin, we found that these labeled SP cells were CD45Ϫ. The absence of CD45ϩ SP cells agrees with the findings of others (10, 29, 30) who similarly identified SPs using a relatively high Hoechst concentration and a narrowly defined SP gate. Nevertheless, in contrast to our finding that nearly all satellite cells are derived from the somites, clearly not all muscle SP cells are somitically derived, and therefore they are heterogeneous with respect to their developmental origin. Potentially, some endogenous muscle SPs are derived in development from other sources, such as bone marrow, hematopoietic stem cells, or endothelial cells. The overall heterogeneity of marker expression within muscle SP cells (9, 10) may be indicative of their heterogeneous developmental origin.
Our experiments culturing somitically derived chick and mouse muscle SP cells in vitro confirm that these cells are myogenic. We found that SPs differentiated into mononuclear Pax7ϩ cells and fused into multinucleate dystrophinϩ or ␣-actininϩ myofibers. The presence of Pax7ϩ mononuclear cells indicates that SPs do not require fusion with primary myoblasts to become myogenic. The up-regulation of Pax7 by SP cells (also seen in refs. 9 and 11) suggests that these cells go through a Pax7ϩ, satellite cell intermediate on their way to forming myofibers. However, it is unclear whether expression of Pax7 is required for muscle SP cell differentiation because muscle SPs in the absence of Pax7 can undergo myogenic differentiation (7, 9) .
Most importantly, experiments culturing chick or quail muscle SP cells alone revealed that they are heterogeneous with respect to their myogenicity: labeled, somitically derived muscle SPs are significantly more myogenic than unlabeled SPs. These findings demonstrate that developmental origin is important for determining the intrinsic myogenic capacity of these adult muscle progenitors. Recently, Sherwood et al. (41) have identified that marker expression, cellular history, and muscle condition (whether the muscle is injured or not) all affect the myogenicity of adult muscle progenitors. In addition, the systemic environment (42) and physiological differences between different anatomical muscles (43) also significantly impact the myogenic capacity of adult muscle progenitors. Our findings implicate another important influence on myogenic capacity: developmental origin.
Methods
Chick Surgeries and Retroviral Injections. Chicken and Japanese quail eggs were incubated until the embryos had a total of 25-26 somites. To retrovirally label chick psm, right-hindlimb-level psm was injected with a replication-defective retrovirus containing GFP, RIS-GFP (gift of E. Laufer, Columbia University, New York). Retrovirally infected chicks were harvested at E16-P6. RIS-GFP was created by cloning EGFP into RIS (44) , in which the pol gene had been frameshifted. Virus was produced by cotransfecting RIS-GFP with a vesicular stomatitis virus glycoprotein-encoding plasmid into chicken fibroblast cell line DF1 cells as described in ref. 45 . To produce quail͞chick chimeras, quail donor hindlimb-level psm was isolated via dispase digestion. Chick psm was removed from the right side with tungsten needles and replaced with quail donor tissue. Left-side psm remained as chick and served as a negative control. Chimeras were harvested at E15-E18.
Mouse Cre and Reporter Lines. To identify derivatives of Pax3ϩ cells, two mouse Cre driver lines were used. The targeted Pax3CreKI line drives Cre expression in both somites and dorsal neural tube where Pax3 is expressed (21) . Hypaxial muscle derivatives of the somitic Pax3ϩ cells were specifically identified through a transgenic line, MCre (33) . To identify derivatives of Pax3CreKI-or MCre-expressing cells, these mice were crossed with Z͞EG reporter mice (46) . Z͞EG mice constitutively express lacZ throughout embryonic development and as adults, but in tissues expressing Cre recombinase, lacZ is removed and cytoplasmic EGFP expression is activated. Pax3CreKI or MCre;Z/EG mice were harvested at 4-7 weeks.
Isolation of SP Cells. Muscles were isolated from RIS-GFP and quail͞chick chimera hindlimbs and from Pax3CreKI and MCre;Z/EG mouse fore-and hindlimbs. For RIS-GFP chicks and MCre;Z/EG mice, only the most GFPϩ muscles were selected. Muscle mononuclear cells were isolated from muscle and bone marrow mononuclear cells extracted from femurs and tibias as described in ref. 29 .
Hoechst titration curves and antibody stains were performed as described in ref. 29 . Hoeschst 33342 at concentrations of 1.5 g͞ml, 4.0 g͞ml, and 7.5 g͞ml were used to sort E15-E18 chick and quail muscle cells, post-hatch chick muscle cells, and mouse muscle cells, respectively. Propidium iodide (2 g͞ml) was added to all samples to exclude dead cells. For each experiment, 10 6 avian cells per ml were incubated with Hoechst and 5 M reserpine, and 10 6 mouse cells per ml were incubated with Hoechst and 100 M verapamil to determine the SP gate. Chick cells were also analyzed with a phycoerythrin-conjugated mouse anti-chick CD45 (LT40) antibody (0.2 g per 10 6 cells; Southern Biotechnology Associates), and mouse cells were analyzed with phycoerythrin-conjugated rat antimouse CD45 (30-F11). Cells were analyzed and sorted on a flow cytometer (Becton Dickinson).
Culture of Muscle SP Cells. Chick and quail SP cells were cultured alone or cocultured with primary quail or chick myoblasts, respectively. Avian primary myoblasts were obtained through four rounds of preplating muscle mononuclear cells on plastic dishes and culturing floating cells on collagen-coated dishes. Whether cultured alone or with primary myoblasts, SP cells were cultured on poly(Llysine) HBr and collagen-coated Permanox slides initially in growth media (F10 medium containing 20% FBS, 1% Pen͞Strep, 1% chick serum, and 2.0 ng͞ml rhFGF, Basic) and upon confluency, switched to differentiation media (DMEM medium containing 2% horse serum, 1% Pen͞Strep, and 1% L-glutamine).
All mouse SP cells were cocultured with C2C12 cells on poly(Llysine) HBr-and collagen-coated Permanox slides in growth media (DMEM medium containing 20% FBS, 1% Pen͞Strep, and 1% L-glutamine) and upon confluency were switched to differentiation media (same as above).
Immunohistochemistry. For identification of satellite cells, muscles were isolated and fixed in 4% paraformaldehyde (PFA), embedded in OCT compound, cryo-sectioned, and antibody labeled. Quail͞ chick chimera tissue was sequentially labeled with QCPN and laminin, Cy3 goat anti-mouse and Cy5 goat anti-rabbit, Alexa 488 directly conjugated Pax7 (Zenon labeling, Molecular Probes), PFA postfix, and DAPI (counterstain for nuclei). RIS-GFP chick tissue was sequentially labeled with Pax7 and GFP, Cy3 goat anti-mouse and Cy2 goat anti-rabbit, laminin, and Cy5 goat anti-rabbit. MCre or Pax3CreKI;Z/EG tissue was labeled sequentially with GFP, Cy2 goat anti-rabbit, PFA postfix, sodium citrate antigen retrieval, Pax7 and laminin, Cy3 goat anti-mouse, and Cy5 goat anti-rabbit. Monoclonal anti-Pax7 and QCPN were used at 2 g͞ml (Developmental Studies Hybridoma Bank), rabbit anti-laminin was used at 2 g͞ml (L9393, Sigma), rabbit anti-GFP was used at 10 g͞ml (A21311, Molecular Probes), and secondary antibodies were used at 3.5 g͞ml (Jackson ImmunoResearch).
To label sorted SP and MP cells, cells were fixed in 4% PFA, spotted on poly(L-lysine)-coated slides, and air dried. To label cultured cells, cells were fixed either in cold 100% methanol or 4% PFA. All cells were labeled with Pax7, QCPN, 1:1,000 dystrophin (CAP6-10; ref. 47 ), or 1:400 ␣-actinin (EA-53, Sigma) and detected with secondary antibodies.
